With the discovery of a particle that seems rather consistent with the minimal Standard Model Higgs boson, attention turns to questions of naturalness, fine-tuning, and what they imply for physics beyond the Standard Model and its discovery prospects at run II of the LHC. In this article we revisit the issue of naturalness, discussing some implicit assumptions that underly some of the most common statements, which tend to assign physical significance to certain regularization procedures. Vague arguments concerning fine-tuning can lead to conclusions that are too strong and perhaps not as generic as one would hope. Instead, we explore a more pragmatic definition of the hierarchy problem that does not rely on peeking beyond the murky boundaries of quantum field theory: we investigate the fine-tuning of the electroweak scale associated with thresholds from heavy particles, which is both calculable and dependent on the nature of the would-be ultraviolet completion of the Standard Model. We discuss different manifestations of new high-energy scales that are favored by experimental hints for new physics with an eye toward making use of fine-tuning in order to determine natural regions of the new physics parameter spaces.
I. INTRODUCTION
The discovery of the Higgs boson at the Large Hadron Collider [1, 2] and the initial assessment that its properties are, at least approximately, Standard Model (SM)-like [3] [4] [5] , renews interest on the question of whether electroweak symmetry breaking is natural [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Fundamental scalar fields are widely regarded as unnatural, a belief that has driven much of the theoretical exploration of TeV-scale physics beyond the Standard Model in the past few decades.
At this point in time, it is appropriate to take stock of the different notions of naturalness, and to ask what naturalness really offers in the way of guidelines to new energy scales in physics, and what underlying assumptions were made along the way to inferring them.
In this manuscript, we critically explore the meaning of naturalness as embodied in the Higgs mass-squared parameter, and advocate a very concrete, unambiguous definition of fine-tuning. We use this definition to investigate generic extensions of the Standard Model.
II. THE HIERARCHY PROBLEM
The Standard Model implements spontaneous breaking of SU (2) L × U (1) Y → U (1) EM by positing the existence of the scalar Higgs field, an SU (2) L doublet with hyper-charge +1/2, whose potential is
The Higgs potential is parameterized by a dimensionful mass-squared parameter µ 2 and a dimensionless Higgs self-coupling λ. Together they set the Higgs vacuum expectation value (VEV) v = µ 2 /λ = 246 GeV, which ultimately controls the masses of the W and Z bosons as well as that of the SM fermions (except, perhaps, the neutrinos). The parameters λ and v also set the mass of the physical Higgs boson (the Higgs particle), M 2 h = λv 2 . Modulo a more complicated Higgs sector, the LHC measurement of the Higgs particle mass allows one to completely reconstruct the Higgs potential at the weak scale.
The hierarchy, fine-tuning, or naturalness problem refers to quantum corrections to the Higgs mass-squared parameter µ 2 or, equivalently, the Higgs vacuum expectation value.
* A naïve description is as follows. Corrections to a scalar masses-squared are quadratically divergent and hence loops of Standard Model particles induce quantum corrections proportional to the unknown cutoff scale. The top quark, as the most strongly coupled SM particle to the Higgs field, will induce the most relevant such correction. Indeed, if one introduces a hard cutoff for the integral over the loop momentum, one finds, at one-loop,
where λ t = √ 2m t /v is the top Yukawa coupling and Λ is the cutoff scale. In order to arrive at the physically observed value of µ 2 , one cancels this contribution by adjusting the tree-level parameter such that the desired value is obtained. Since there is no theoretical structure suggesting a relationship between µ 2 , Λ, and λ t , δµ 2 µ 2 (or in other words, Λ TeV), implies an unnatural fine-tuning of the counter-term.
This argument invests the regulator with physical meaning. For example, if space-time were in fact a lattice of points with spacing 1/Λ, one would expect the mass-squared m 2 of a scalar field living on the lattice sites to receive finite corrections similar to Eq. (2), and the theory would indeed appear to be finely tuned if that spacing were much smaller than 1/m. Of course, this interpretation -and choice of regulator -is hardly unique. One could have alternately decided to regulate using dimensional regularization [23] , in which case there would have been no quadratic sensitivity associated with the regulator, and the divergences would instead manifest themselves as poles of Gamma functions as the dimensionality of space-time approaches four (or two). One could, very naïvely, speculate that space-time is in fact fractal, † of dimensionality 4 + . In this case, since the Standard Model contains only one single dimensionful parameter, δµ 2 is proportional to µ 2 [25] . Indeed, since M h seems as though it may be consistent with vacuum stability [26] and is below the triviality bound, the SM could be well-behaved up to Planck scale energies (where gravitational effects become important), in which case it is precisely the absence of heavy new states (coupled to the Higgs) which allows the theory to be natural. We elaborate more on this point below.
A more standard interpretation is that the cutoff Λ discussed above represents heavy states which have been integrated out of the theory, leaving behind finite corrections to µ 2 proportional to the square of the new heavy mass. This is most often what is implicitly meant by Eq. (2). More properly, a heavy mass scale feeds into µ 2 through a finite correction, and is independent of the choice of regularization scheme. The identification of the quadratic sensitivity of µ 2 to the heavy scale with a cutoff implicitly defines an effective theory (EFT) that is valid below the mass of the heavy state, and the bare value of µ 2 in the EFT will differ from the value in the full theory by something of order the heavy mass-squared. Of course, the details matter, and they depend not only on the new physics scale, but also on whether and how it "talks" to the Higgs boson.
It is known that the SM is not the complete theory of Nature. For one thing, it is missing descriptions of gravitation, dark matter, neutrino masses, and inflation. In addition, the fact that several of its couplings have Landau poles indicates that the physics must change at very short distances for internal consistency. In practice, however, Landau poles occur around or above the Planck scale, where the SM must be supplemented by a theory of quantum gravity, and will be henceforth ignored.
Since neutrino masses, dark matter and other experimentally driven puzzles do not necessarily imply the existence of new, heavy states, the existence of gravity is often sold as the ultimate source for the hierarchy problem. In the absence of a compelling ultraviolet (UV) † We choose not to discuss this possibility in more detail, but it is worth mentioning that experimental limits from orbital dynamics and the Lamb shift require < ∼ 10 −11 [24] .
completion for gravity, however, it is impossible to rigorously compute, or even estimate, corrections to µ 2 and argue how they scale with the Planck scale, M P l . While there is an effective field theory that properly describes gravitational interactions at energy scales well below the Planck scale, above M P l there is no uniquely established consistent quantum field theoretical formalism capable of describing the short distance gravitational interactions of the various SM fields. It is widely believed that a realistic UV completion will involve new states with Planck scale masses (though see Refs. [27, 28] for counter-examples), and these would seem likely to contribute to µ 2 in analogy with Eq. (2) .
Even if one is willing, however, to accept that the quantum theory of gravity involves such states, it is worthwhile to examine the assumptions behind the usual arguments. For example, despite the fact that quantum gravitational effects will almost certainly modify the short distance interactions between the Higgs and the top quark, there is no generic reason to believe that corrections to the Higgs mass-squared parameter are in any way related to the strength of the top Yukawa interaction. The finite corrections to µ 2 induced by integrating out such states involve their couplings to the Higgs, and may have nothing to do with λ t .
‡ As a result, there is no reason to think that the top is in any way more special than any of the other SM fields in terms of its correction to µ 2 . This is an important point, because one of the usually claimed hallmarks of a natural theory is the existence of "top partners." Instead, we are arguing that their presence is not at all generic! In summary, it can be misleading to think that the quadratic divergences which plague the Higgs boson mass-squared parameter in the SM are indicative that there is new physics at the TeV scale. The correct picture is, in some sense, the opposite: If there is new physics beyond the SM and it "talks" directly to the Higgs sector, the new physics is likely to introduce large finite quantum corrections to the Higgs boson mass-squared. In order to avoid a very unnatural fine-tuning, one is led to conclude that the new physics scale cannot be larger than the TeV if it couples to the Higgs boson through order one couplings. In the next few sections, we discuss different types of new physics and what the fine-tuning problem has to say about would-be new physics parameters, including the new mass scale.
III. HEAVY FERMION
To begin with, we consider theories extending the SM degrees of freedom by at least one new heavy fermion, generically denoted Ψ, which could be either Majorana or Dirac (we consider both cases below, where relevant). We are not concerned with the origin of the mass scale of this new state, M Ψ , but instead concentrate on the question: under what circumstances is the SM + Ψ model natural? The answer obviously depends on how Ψ interacts with the SM, and we consider several motivated possibilities in turn.
A. Uncoupled Ψ The simplest scenario, arguably, is to assume that the Lagrangian L SM +Ψ cleanly splits into L SM + L Ψ . In this case, there is no loop correction to the Higgs boson mass-squared parameter mediated by the interactions in L SM +Ψ that involves M Ψ . However, once we augment L SM +Ψ to include gravitational interactions, this is no longer the case.
While the full quantum theory of gravity is unknown, it is easy to examine how perturbative (low energy) gravitational interactions mediate corrections to µ 2 that are proportional to the new physics scale M Ψ . At the lowest order (two loops), diagrams, such as those shown in Figure 1, will induce finite corrections of order 1/M 4 P l , the largest of which are proportional to
These finite corrections are proportional to µ 2 itself, and thus will not destabilize the weak scale even if M ψ is of order the Planck scale. The µ 2 dependency is a consequence of the fact that the graviton coupling to a massless, on-shell particle with zero momentum vanishes.
Mixed gravity-SM loops, however, lead to potentially larger corrections, even for new heavy particles that coupled to all SM fields only through gravity. Indeed, there are three-loop diagrams like the one depicted in Fig. 2 , where the Higgs divides into a pair of virtual top quarks, and the gravitons bridge from the top lines to a loop of the heavy fermion. In this case, all graviton vertices involve virtual particles, leading to a stronger dependence on the heavy mass scale. We estimate the correction from diagrams such as this to be,
For M 2 Ψ µ 2 , Eq. (4) will significantly dwarf Eq. (3). The naturalness constraint δµ 2 < ∼ 100 2 GeV 2 translates into M Ψ < ∼ 10 14 GeV -significantly smaller than the Planck scale but much larger than the weak scale.
In summary: if "quantum gravity" effects can be parameterized by new heavy fermions with masses < ∼ M P l that only couple gravitationally, our result seems to indicate that the SM plus "quantum gravity" is a moderately finely-tuned theory. New heavy fermions with masses below 10 14 GeV can, however, co-exist peacefully with the weak scale if these only couple to the SM gravitationally. 
§ Note that an electroweak singlet Ψ carrying SU (3) C charge will still contribute at the three-loop level.
where F is a dimensionless function, of order one, and g stands for a generic
, the absence of fine-tuning requires M Ψ < ∼ 10 TeV. New electroweakly-coupled fermions are among the many viable WIMP candidates for dark matter [29] . Assuming these make up all the dark matter and taking into account all experimental constraints, one arrives at M Ψ ∼ 5 TeV. The result above indicates that such "Minimal Dark Matter" models are natural.
C. Yukawa-Coupled Ψ Finally, we consider the possibility that Ψ couples to the Higgs field through a Yukawa interaction involving one of the SM fermions ψ, L SM +Ψ ⊃ y new (ψH)Ψ. Here, virtual Ψ effects modify µ 2 at the one-loop level,
where C is the color factor appropriate for Ψ and ψ. Naturalness imposes the constraint y new M Ψ < ∼ 1 TeV: either the new fermion mass is at the TeV scale, or the new fermion is weakly coupled to the Higgs boson.
One of the most exciting developments in particle physics of the previous decade is the experimental confirmation that neutrinos have mass, clear evidence of physics beyond the SM. The simplest implementation is a dimension five operator [30] ,
It is remarkable that the only observable consequence of L νν , for large enough λ ij /M ν , is to provide the neutrinos (after electroweak symmetry) with very small Majorana masses encoded in the mass matrix m ij = λ ij v 2 /M ν . If L νν is the low-energy manifestation of the new physics responsible for massive neutrinos, M ν is to be interpreted, loosely speaking, as the largest possible energy scale above which the SM is no longer valid. ¶
The details as to how this new scale feeds into µ 2 depends on the UV-completion of the operator in Eq. (7). Given the loose requirement that, at low energies, the new physics Lagrangian yields the SM plus L νν , it is impossible to single out the correct Lagrangian. Here, we will concentrate on the simplest interpretation of L νν , the Type-I seesaw mechanism [31] , described by
where i, j are family indices, M R is the right-handed neutrino mass-matrix, and y is the neutrino Yukawa coupling ¶ We imagine setting the largest λ ij ≡ 1 in such a way that the mass scale represented by Mν is well-defined.
matrix. Upon integrating out the right-handed neutrino fields, L νν is generated, with λ/M ν ≡ yM −1 R y . This is a concrete example of the general case discussed above, with ψ = L i and Ψ = N i (in this case there are at least two of them). At one loop, the finite correction to µ 2 is [7] ,
If one were to assume that all of the right-handed neutrinos have the same mass M , the bound will be dominated by the combination of the y's responsible for the heaviest of the SM neutrinos, which could be as light as the mass scale characterizing atmospheric mixing, 0.05 eV, or as heavy as one third of the cosmological upper limit on the sum of the neutrino masses, 0.7 eV [32] . Under these simplifying assumptions, demanding that δµ
translates into the requirement,
This is an interesting result, discussed earlier in [7, 14] , with non-trivial consequences. If the Type-I seesaw mechanism is realized in Nature, the seesaw scale must be below 10 4 TeV or so. On the one hand, because there always remains the possibility that the neutrinos are weakly coupled, the new physics scale need not be below a few TeV -it can be some orders of magnitude higher. On the other hand, "electroweak-natural" seesaw scales are much lower than those required by almost all versions of leptogenesis.
As another example, theories which attempt to explain the hierarchal structure apparent in the quark masses and mixing angles also often invoke heavy particles. As an example, we consider an implementation of the FroggattNielsen mechanism [33] which invokes a global U (1) symmetry to forbid the Yukawa interactions of the light quarks. This symmetry is broken by the VEV of a scalar particle carrying U (1) charge, which induces mixing between the SM fermions and a set of additional fermions which are vector-like under the electroweak interaction, allowing for gauge-invariant masses. For the purposes of our discussion, we limit ourselves to a subset of the model describing the top and bottom quark masses, (11) where Q 3 is the third generation quark doublet, t R and b R are the quark singlets, φ is the scalar whose VEV breaks the U (1) global symmetry, and D is a vector-like quark with the same SM gauge interactions as b R . If the U (1) charges are chosen as: Q 3 : +1, t R : +1, D : +1, b R : 0, H : 0, φ : +1, the top Yukawa will be directly allowed by the symmetry whereas the bottom Yukawa is induced only after integrating out D,
Expanding this picture to include additional vector-like fermions (all with similar masses) with O(1) U (1) charges allows one to reproduce the entire structure of the observed quark masses and mixings, invoking only O(1) couplings y i [34] . The existence of the y 1 interaction implies that the D mass will contribute to the Higgs potential. There will be mixed loops involving the D fermion and the third generation doublet which are structurally very similar to the correction from the neutrino singlet discussed above. The resulting correction,
will result in δµ 2 > ∼ v 2 unless,
Quantum corrections to µ 2 proportional to M 2 φ are also generically expected. We discuss these in detail in the next section.
The exchange of the heavy D quarks and φ also induce flavor-violating effects. These are in conflict with observations unless the masses of the new states are > ∼ 1000 TeV [35] . In the absence of additional ingredients, the flavor-violating constraints together with naturalness (i.e., demanding δµ 2 < ∼ v 2 ) imply y 1 < ∼ 10 −3 . Naturalness combined with the absence of flavor-violating effects does not allow for a flavor model where all couplings are order one.
In summary, if there are new fermions that are Yukawa-coupled to the Higgs boson, these are required to be light (with masses below ∼ 1 TeV), or the new Yukawa couplings must be small, or additional ingredients must be invoked to insure naturalness. If the Type-I seesaw is realized, right-handed neutrino masses are constrained to be less than several thousand TeV and, in the absence of more "new physics," most versions of leptogenesis are ruled out by naturalness. Naturalness also provides nontrivial constraints for new physics interpretations of the flavor puzzles.
IV. HEAVY BOSON
In parallel to the case of additional heavy fermions discussed in Section III, in this section we discuss theories containing one or more heavy bosons in addition to the SM degrees of freedom. Most of this discussion will involve a heavy scalar (real or complex) Φ of mass M Φ , but it also applies to massive gauge bosons whose masses are the consequence of spontaneous symmetry breaking. The primary question remains: under which circumstances is the SM + Φ model natural? As before, the answer depends on how Φ interacts.
In contrast to the fermion case and independently of the quantum numbers of Φ, at least one marginal operator linking Φ to the Higgs and consistent with all of the SM gauge symmetries is always allowed:
At the one-loop level, this interaction allows the mass scale M Φ to contribute to the Higgs boson mass-squared,
Similar to the Yukawa-coupled-fermion case, naturalness dictates that either the interaction strength is very small, or that Φ is very light, i.e., M Φ < ∼ 1 TeV. Several well-motivated models for new physics fall into this category. For example, in "Higgs Portal" dark matter [36] , where the SM is augmented to include one gaugesinglet scalar that couples to the SM via Eq. (15), the requirement that Φ is a thermal relic making up all of the dark matter places bounds on combinations of λ new and M Φ . These translate into M Φ < 1 TeV, which means such models safely meet our naturalness criterium.
Another very well known example is to postulate that the SM is the low-energy remnant of a larger grand unified gauge theory (GUT), spontaneously broken at M GUT v. The Higgs doublet will necessarily make up part of a larger GUT multiplet, and µ 2 will receive corrections from loops of the GUT bosons
where C is a coefficient of order (at least) the known gauge couplings that depends on the detailed physics at the GUT scale. Since limits from proton decay require M GUT > ∼ 10 16 GeV, it is clear that this correction to µ 2 is highly unnatural, and requires a seemingly magical cancellation between the tree-level Higgs mass-squared parameter and all of its higher order quantum corrections * * . Another very well motivated extension of the SM addresses the apparent smallness of the QCD θ angle by promoting it to a dynamical field [37] . We illustrate the discussion by considering a simple model framework [38, 39] which extends the SM by a complex SM-singlet scalar field Φ which couples to a colored fermion ψ
This Lagrangian has a U (1) P Q symmetry, which is anomalous with respect to the SU (3) c gauge symmetry. Assuming U (1) P Q is broken via the VEV Φ = M 2 /λ ρ ≡ f a , the phase of Φ emerges as the axion field, a pseudo-Goldstone boson whose expectation value cancels any pre-existing coefficient of G G, solving the strong CP problem. The modulus of Φ, ρ, is a real scalar field whose mass is related to the Φ potential by
a . Astrophysical constraints from red giant stars and supernovae generically require f a > ∼ 10 9 GeV [40] , guaranteeing that a realistic axion theory will involve heavy mass scales, possibly destabilizing the Higgs potential.
The dangerous interaction is the mixed quartic involving the Higgs and Φ, Eq. (15). This quartic interaction will lead, as already discussed, to a finite correction to the Higgs mass-squared parameter of the form,
For f a v, this correction leads to electroweak finetuning, unless λ new is very small.
Strictly speaking, the solution to the strong CP problem does not depend on any particular value of λ new , and it would be tempting to simply discard it. However, it can be forbidden by no symmetry, and receives additive corrections from higher order processes. As discussed in Ref. [14] , there are contributions at two loops if the ψ fermions are electroweakly charged, and at three loops if not. The authors of [14] interpret the size of such corrections as minimal values of λ new which thus characterize a minimal level of fine-tuning.
An alternate strategy would be to take λ ρ 1, reducing the mass of the ρ scalar * . Even for λ new 1,
It is intriguing that such a particle (with order one couplings to the Higgs) could conceivably be within the grasp of future high energy colliders.
B. |H| 2 Φ Coupling
A gauge-singlet scalar can also couple singly to a pair of Higgs fields via
where κ new is a coupling constant with dimensions of mass. In the limit κ new → 0, there is an enhanced Z 2 symmetry under which Φ is odd and the SM is even, indicating that any value of κ new is natural in the sense of 't Hooft. A stable perturbative loop expansion requires κ new < ∼ M h , M Φ . This coupling induces a correction to the Higgs masssquared (for M Φ M h ),
* λρ is also additively corrected at one loop by the Φ-ψ-ψ coupling.
whose size is characterized by κ new , and depends only logarithmically on M Φ . Obviously the theory will be finely tuned unless κ new < ∼ TeV. What is novel is the fact that the super-renormalizable interaction effectively shields the Higgs mass from the heavy mass scale M Φ , despite allowing for relatively large coupling between the Higgs and Φ sectors.
As in the previous subsection, the equivalent of the four-point coupling λ new of Eq. (15) is expected to exist as it is consistent with all symmetries. It can, however, be chosen arbitrarily small, and no large corrections are expected. At one loop, the κ new interaction results in a four-point interaction reminiscent of that of λ new , of
2 ). However, this contribution does not require a counter-term, and the theory is self-consistent even without including λ new as a fundamental interaction. In a nutshell, the counter-terms to λ new are proportional to λ new itself. The upshot is that, provided λ new 1 and κ new < ∼ TeV, the Higgs mass-squared parameter receives no large corrections, even when M Φ v. This radiatively stable separation of the Higgs from heavy states can persist even for more complicated choices of dark sector. If one extends the construct by including a gauge-singlet fermion Ψ whose coupling to the SM is entirely through a Yukawa interaction, yΦΨΨ, where y is a dimensionless coupling. This theory has a two loop contribution to δµ 2 proportional to M Ψ ,
where This type of construction suggests a natural model of heavy fermionic dark matter (played by Ψ in the discussion above) which communicates primarily with the Higgs via exchange of Φ. At low energies, Φ exchange results in an operator of the form |H| 2Ψ Ψ. Such a coupling looks dangerous from the point of view of naturalness, but we have seen that a reasonable UV completion exists that is relatively free from fine-tuning.
V. SUMMARY AND CONCLUSIONS
Now that the Higgs has been discovered and appears at least roughly consistent with its expected SM properties, it is appropriate to consider what it means for the electroweak symmetry-breaking scale to be "natural". Commonly made arguments based on loops of top quarks assign a physical meaning to the cutoff employed as a regulator in certain regularization procedures. This could turn out to be a useful guide if, for example, spacetime resembles a lattice at short distances or quantum gravity involves stringy resonances of the top. On the other hand, they could also very well turn out to be misleading. If such assumptions are abandoned, the presence of top partner fields as harbingers of naturalness, for example, loses much of its motivation.
A less ambiguous but very concrete measure of finetuning in the Higgs potential makes reference to the finite corrections induced by integrating out heavy particles. Such corrections are independent of the choice of regulator, and make no assumptions about physics beyond quantum field theory. Indeed, the question we largely address is the following: Under which circumstances can the SM augmented by heavy fields accommodate, without large fortuitous cancellations, multiple mass scales? Our main message is that the answer depends on the nature of the new heavy particles and how they "talk" to the Higgs field.
The simplest solution, arguably, would be to assume that the weak scale is the only scale of high energy physics. In the absence of new, heavy particles, the SM, as is, is natural. Fortunately, Nature has already revealed that there is physics beyond the standard model. Dark matter and nonzero neutrino masses require new degrees of freedom and, perhaps, new mass scales. More indirect hints like the unification of gauge couplings and the fermion particle content (GUTs), the need for a mechanism of baryogenesis, the strong CP problem, and the flavor puzzle also suggest the existence of new, usually very heavy, new states. Ultimately, the need to describe gravitation provides a concrete ultra-large mass scale, though its connection to massive particles is less clear.
Grand unified theories, by themselves, certainly signal extreme fine-tuning. On the opposite end of the "new physics" spectrum, particles coupled to the SM only via gravity induce perturbative corrections which are relatively benign, even if the new particle masses are relatively close to the Planck scale (M new < ∼ 10 14 GeV). Potentially weakly coupled extensions of the SM, such as the seesaw theory of neutrino masses, do not necessarily destabilize the weak scale, as long as the new physics scale is not arbitrarily high. In the case of the Type-I seesaw, the theory becomes unnatural if the right-handed neutrino masses are much larger than about 1000 TeV, a perfectly viable alternative even if it spells doom for most manifestations of leptogenesis. The existence of a fundamental particle as thermal dark matter is natural as long as the dark matter mass is below tens of TeV, as is already suggested by the unitarity bound.
"More" new physics allows for the coexistence of dramatically different mass scales. A very popular solution is to postulate that the theory is supersymmetric at high energy scales (e.g., the GUT scale), in which case there will be additional contributions to µ 2 from the superpartners, whose couplings are guaranteed by supersymmetry (SUSY) to lead to a combined δµ 2 = 0. Of course, SUSY cannot be an exact symmetry of Nature -it must, somehow, be broken. As is well known, if SUSY is only softly-broken several of its desirable non-renormalization properties are maintained, shielding µ 2 from the M
GUT
corrections.
The existence of the super-partners induces its own hierarchy problem. Soft SUSY breaking parameters (generically denoted asm 2 ) lead to finite quantum corrections to the Higgs boson mass-squared
meaning that if Nature is indeed (softly-broken) supersymmetric, some of the soft-breaking parameters (for example, the stop masses) must be around 1 TeV, in order to avoid incomprehensibly large quantum corrections to the Higgs mass-squared. Broken supersymmetry creates the hierarchy problem, and then solves it for weak scale breaking parameters. The fact that the gauge couplings coincide at M GUT 10 16 GeV if one assumes a supersymmetric version of the SM softly-broken at the TeV scale, together with the peculiar hyper-charge assignments of the matter fields makes the SUSY GUT picture quite attractive, and certainly does motivate SUSY at the electroweak scale. In this case, the chain of reasoning regarding the hierarchy problem is that the GUT scale induces enormous corrections to the Higgs mass-squared parameter, which are tamed by SUSY, inducing new contributions from the SM super-partners (in particular the stop), which themselves demand that the stop masses are at the TeV scale. If the indirect evidence for a GUT turns out to be a red herring, the arguments in favor of SUSY become much more ambiguous.
Naturalness is a powerful motivating force behind the search for new TeV-scale degrees of freedom. Understanding the assumptions that underly its application and its precise formulation both serves as a guide to possible futures as well as a primer for decoding (hopefully!) soon-to-be-made discoveries.
